Testing and validation of flight hardware in ground-based facilities can result in significant cost savings and risk reduction. We designed a relative motion emulator for aerospace vehicles using omni-directional mobile bases which provide large 3 degree-offreedom motion, while Stewart platforms mounted atop these bases allow superposition of limited 6 degree-of-freedom motion. This paper addresses the design and implementation of the omni-directional mobile base. Each omni-directional base uses a trio of active split offset castor drive modules to provide smooth, holonomic, precise control of its motion. Three encoders on each castor, three optical mice sensors, and a 3-axis inertial measurement unit provide full feedback information to a kinematics based control law. We built a one-third scale prototype to demonstrate design feasibility and for use in testing and development of data fusion techniques, control laws, and a dynamics model of the full-scale platform. Results presented in the paper validate the feasibility of the design and the approach. 
I. Introduction
ulti-vehicle proximity operations of spacecraft, from formation flying to automated rendezvous and docking, represent a huge area of current research with many obvious benefits. Testing of the autonomous control algorithms for multiple vehicles with sensors or docking hardware in-the-loop in ground-based facilities provides significant risk reduction for such missions. Current facilities for simulation of spacecraft motion can be divided into two general categories, based upon the level of emulation performed.
One approach is to emulate key aspects of the space environment and use the actual hardware and actuators to achieve the dynamics. While free-fall chambers or parabolic trajectory aircraft can be used to provide a short-term zero-g environment, the method usually used is to simulate contact-free zero-g motion along specific degrees-offreedom (DOF) by reducing friction using air bearings. 1 The Synchronized Position Hold Engage and Reorient Experimental Satellites (SPHERES) project has made use of air bearings in the testing of an actual space-based micro satellite in a ground-based testbed. 2 Relative motion of 6-DOF micro satellites has been ground tested in 3-DOF using a laboratory air bearing table and two of the SPHERES micro satellites. For spacecraft reorientation dynamics and control, friction-free rotational motion can be achieved using a spherical air bearing and using reaction wheels or control moment gyroscopes. 3 Another popular approach is to use robotic positioning hardware to simulate the dynamical motion of some virtual vehicle model. This is a hybrid approach where the dynamics of the subject vehicle are simulated numerically, and this simulated motion is tracked by a hardware platform. Using this approach, hardware items such as sensors or docking mechanisms can be evaluated in realistic relative motion situations. One method of tracking the precision motion uses a parallel kinematics device, such as a Stewart platform, to provide high precision motion with good stiffness characteristics. However, these devices typically provide only limited ranges of 6-DOF motion due to the restricted workspace. Other approaches use an array of mobile carriages or gantries to allow for a larger workspace, supplemented with a robotic assembly that may allow for extra degrees-of-freedom.
For instance, to test the performance of a sensor, Schaub et al are using a single untethered mobile wheeled robot to emulate the dynamics of a simulated vehicle relative to some target. 4 The Naval Research Laboratory's Proximity Operations Testbed at the Naval Center for Space Technology can simulate the relative motion of two large spacecraft using its dual motion platforms. Each platform uses a large 3-axis gantry crane augmented with a robotic arm to provide 6-DOF positioning of target and pursuer. 5 Similarly, NASA's Flight Robotics Facility at the Marshall Space Flight Center uses a combination of these methods by combining a 6-DOF air bearing robot on a flat floor with a large overhead gantry crane capable of positioning a payload in 6-DOF. 6 In contrast to these facilities, we are developing a relative motion emulator based on multiple mobile platforms, termed Relative Motion Vehicles (RMVs), consisting of an omni-directional base with a Stewart platform mounted atop. The base provides large motions in 3-DOF, whereas the Stewart platform provides smaller motion in all 6-DOF to a high degree of precision, so it can be used to "clean-up" the less precise motion of the base. The mobile platform approach provides emulation capabilities similar to NRL's facility, though with a lower payload capacity and several distinct advantages: 1) Allows for un-tethered circumnavigation of two or more vehicles.
2) Mobile nature enables testing or demonstration at any location with a large enough room.
3) Low-cost alternative to larger installations while maintaining high fidelity. 4) Supports testing of non-spacecraft multi-vehicle systems, such as autonomous aerial refueling. While Stewart platforms meeting the needs of this project are commercially available, the omni-directional base must meet positional knowledge and control requirements exceeding typical mobile robot designs. Furthermore, conventional robots have undesirable coupling between translation and rotation due to steering dynamics. Here we address a novel omni-directional base design and implementation to address these shortcomings. This paper presents the design and implementation of an omni-directional mobile base for use in emulating onorbit proximity operation dynamics. Drive train selection and design is discussed in Section II. Efforts to achieve the high precision positional knowledge through a combination of encoders and optical mice are discussed in Section III, along with simulation results. Results from testing various data fusion techniques, control laws, and the dynamics model using a one-third scale prototype are discussed in Section IV. Finally, conclusions and recommendations for future work are presented in Sections V and VI.
II. Design Configuration
This section overviews key aspects of the physical design of the RMVs and the associated design decisions.
A. Defined Requirements
True holonomic omni-directional motion of the base must be achieved with motion and sensing requirements detailed in Table 1 . Since the errors in the base position can be corrected using the Stewart platform, the base control accuracy is an order of magnitude lower than the desired position knowledge. Since the Stewart platform sitting atop the mobile base will be accelerating to match the desired trajectories, for ease of controllability we desire that the base be sufficiently large such that its motion is generally unaffected by the motion of the much lighter Stewart platform and payload. We set a target mass of 300 kg for the mobile base -an order of magnitude heavier than the Stewart platform. The base design has ballast weights that can be further adjusted to achieve the final compromise between stability, de-coupling, and mobility. Developing an omni-directional robot of such proportions with such stringent tracking and knowledge requirements results in a unique design configuration. 
B. Drive Mechanism
The key design consideration of the mobile base is the drive configuration. In order to accurately model the dynamics of a spacecraft docking maneuver, the overall RMV must be able to accurately follow the desired trajectory. Several different drive mechanisms were considered for the mobile base. One drive method would use individual drive modules, each consisting of a single driven wheel mounted along a motorized vertical axis. The wheel would be steered with the motorized vertical pivot, and then driven using the single motorized wheel. Three of these modules would be sufficient to drive the mobile base along a smooth trajectory. However, delays caused by wheel reorientation could allow the Stewart platform to saturate and cause errors in the trajectory tracking. To make sure that the mobile base can keep the Stewart platform within reach of the desired trajectory, it is desired to have a drive configuration that is able to achieve true holonomic omni-directional motion.
Typical holonomic wheels such as the Mecanum wheels have many downsides which make them unacceptable for this application. These wheels are built from many small passive rollers, allowing the wheels to roll across the floor freely in one direction. This system of small rollers can induce vibrations as the weight is transferred between the individual rollers. Additionally, the load is only being carried by several of these small rollers at a time, restricting their load capacity. Open-loop accuracy of the system decreases because the wheels are always slipping, and there is no continuous contact surface between the wheel and the ground.
Using a standard wheel on an offset castor allows for improved accuracy and load bearing characteristics while maintaining holonomic omni-directional motion as developed by Wada et al. 7 In this configuration, the vertical pivot of the castor is motorized as with the first method described, but since the wheel is offset from the pivot, turning the pivot causes motion orthogonal to the direction the wheel rolls. Advantages of this design are that it uses standard wheels, which have high loading capabilities and low rolling vibrations. The major disadvantage of this drive mechanism is that the scrubbing torque, or the friction encountered by rotating the wheel on its edge, leads to large inefficiencies. For instance, consider trying to turn the wheels of a car when parked. This friction would be particularly large when moving orthogonal to the wheel's direction of motion.
We have adapted an attractive alternate drive method that uses drive modules consisting of a configuration known as an Active Split-Offset Castor (ASOC) 8, 9 . This design consists of two independently driven motors mounted along a common axis on a frame that is attached to the mobile base by a free vertical pivot. The axis of the wheels is offset in the horizontal plane from the pivot point in the direction perpendicular to the wheel axis. This creates a physical design such that the velocity of the pivot point can be achieved in any planar direction by driving the two independent wheels. The general concept is depicted in Fig. 1 . It also can achieve true holonomic motion with no steering dynamics, thus achieving the same advantages as the single offset castor while greatly reducing the scrubbing torque. Though there are six motorized wheels, the total number of motors is the same as the steerable wheels considered previously. Unlike steerable wheels, however, all of the motors are exactly the same, an advantage in terms of motor characterization, maintenance, and supportability.
C. Drive Module Layout
A minimum of three wheel modules are required for stability, and at least two of the castors must be powered. The third wheel module can be either passive or driven. We selected the option of having all three castor modules being driven and controlled, as it allows a more even distribution of motor torques between the motors throughout the envelope of allowable trajectories. Additionally, even "passive" castors have some level of disturbance associated with them, so higher precision control can be achieved by driving all three castors. The distribution of the three powered castors and a simple schematic of each castor can be seen in Figs. 2 and 3.
D. Kinematics and Control
We have developed the kinematics using a body-fixed frame, B, that is fixed to the base of the robot and three castor-fixed C i frames as seen in Fig. 2 . The angle the B-frame makes with the inertial frame is denoted , whereas the angle each castor makes with respect to the B-frame is denoted i .
In this development of the kinematics, the subscript i = 1,2,3 represents each castor, whereas j = 1,2 represents the two wheels on the i th castor. Further, a positive wheel velocity ( ) on a left wheel (j = 1) moves the wheel in the positive 1 direction, whereas a positive wheel velocity on the right wheel (j = 2) moves the wheel in the negative 1 direction. Wherever ± symbols appear, the top sign refers to the left wheel and the bottom sign to the right wheel.
Base
The base of the robot is defined simply as the structural center of the robot, as seen in Fig. 3 . The position and velocity of the base is described in an inertial frame N, as seen in Eqs. 1 and 2.
These positions and velocities are the commanded trajectory of the robot.
Castor
Each individual castor's motion can be described with respect to the inertial position of the base through Eqs. 3 and 4. 
where i = {0°, 120°, 240°} refer to the angle of each pivot point with respect to the 1 b axis, R is the distance from the center of the base to the pivot point, and c is the distance from the pivot point to the center of mass of the castor, as seen in Fig. 3 .
Wheel
The wheel kinematic equations are given in Eqs. 5-7
where r c is the distance from the pivot point to the wheel axis and d is one-half the distance between wheels. Equations 6 and 7 represent a no wheel slippage assumption. Combining these equations, it is clear that body-axis linear and angular velocities uniquely map into six wheel velocities. Control is accomplished through a kinematicsbased controller using feedback of wheel velocities and measurements of i using encoders mounted on each pivot.
III. Sensor Suite
For the purposes of relative motion emulation, the position control precision and the position knowledge precision represent two distinct requirements for the mobile base. Since the Stewart platform can be used over a limited range to "clean up" the motions of the base, the mobile base need only track the simulated trajectory to within 1 cm. However, particularly for sensor testing, the position knowledge requirement is much more stringenton the order of 1 mm. The overall system will incorporate a combination of "dead-reckoning", or internal position feedback, and a periodic external inertial update. The following section describes the sensors for "dead-reckoning" and simulation results verifying their capability.
A. Encoder Odometry
As described in the previous section, each motor/wheel assembly is equipped with an incremental encoder to record wheel rotations, and each vertical pivot is equipped with an absolute encoder to measure castor angles. These encoders can be used to integrate the motion of the wheels to form an inertial position estimate, a process referred to as odometry. As with all dead-reckoning schemes, odometry is subject to accumulation of error, and estimates based on encoders must be updated with an external measurement or landmark recognition.
Odometry is subject to both systematic errors, such as errors in wheel radii estimates, and non-systematic errors, such as floor irregularities or wheel slippage, in addition to typical random measurement error. Borenstein provides a detailed discussion of odometry methods and means for reducing error. 10, 11 It is important to note that in odometry, unlike IMU integration, error accumulates as a function of distance traveled rather than as a function of time.
Of particular interest is the OmniMate Mobile Robot -and omni-directional platform that uses two powered split castors with additional free castors for stability. Using the Internal Position Error Correction (IPEC) algorithm he developed, Borenstein was able to reduce the dead-reckoning uncertainty of OmniMate by an order of magnitude compared to conventional wheeled robots.
12 This is intuitive, since each castor could provide its own inertial position estimate and with the relationship -angles and distance -between the two castors measured, the position of the vehicle is known with improved accuracy. This result applies to the mobile platform developed here with three independent castors, and should allow for further improvement on the 0.1% average accumulation error seen with OmniMate. 13 The IPEC algorithm is built on the premise that errors in heading angle lead to pose estimate errors that are orders of magnitude larger than the small translational errors introduced at a given update. IPEC utilizes each castor's position estimate to compute the heading angle of the vehicle through the geometric relationship
where is the heading angle of the vehicle and (x i , y i ) are the coordinates of the center of each castor. Whereas the heading angle of each castor could be computed independently, this use of each castors translational informationwhich suffers minimally from systematic and non-systematic errors over a single step -reduces heading estimate errors. This heading estimate is combined with the measured castor angles to update the heading estimate of each castor, and the position of the second castor is updated to be consistent with the pose of the first castor. The IPEC method can be applied to any two castors on our platform by using the positions of the pivot points rather than those of the castors in the above equations -a distinction unique to having an offset castor. We have developed a method based on the ideas of IPEC that can be used for more than two castors to take advantage of all information available. 
Standard odometry equations as given by Borenstein 10 are used to generate the ( x i , y i ) from the wheel encoder readings. Thus, as in IPEC, we utilize only the information regarding translational motion of each castor to inform our heading estimate rather than the heading information from each castor. Equations 11 can be used in a linear least squares algorithm employing n castors.
The validity of the small angle assumption depends on the angular rate of the vehicle and position update frequency. In practice, the low complexity of this algorithm allows high update frequencies to ensure the validity of this assumption. Even a robot rotating at 90°/sec with position updates at only 20 Hz would see a of less than 5° at each update step.
When applying such algorithms to hardware, algorithmic complexity must be considered. (15) and m x and m y are the x-y coordinates in the body frame describing the "center of mass" of the pivots with respect to the center of the vehicle. Note that using three castors evenly spaced around the center of the robot results in c=b=0, and Eq. 12 simplifies to 
Thus, in this special case, the translation of the center of the base is simply the average of the motion measured by each castor. Just as in IPEC, the final, critical, step is to update the heading angle of each castor with the newly computed vehicle heading and the measured castor angles.
B. Optical Mouse Sensor Odometry
Encoder odometry alone cannot provide the knowledge precision required of the omni-directional base, but recent drops in price have led researchers to begin investigating the use of optical mice as internal position measurement devices.
14-18 A cheap optical mouse uses a built-in LED to illuminate the ground and a single chip incorporating both a CMOS camera and a digital signal processor (DSP) to directly provide x and y measurements. Whereas the low-end mice have resolutions of 400-800 counts per inch (cpi) with maximum speeds of approximately 14 inches per second (ips), higher-end mice utilize a laser to provide up to 2000 cpi resolution at rates up to 45 ips, potentially even more precise than the position information provided by wheel mounted encoders. Potential sources of error include sensitivity to the height above the floor and type of flooring surface due to the nature of the optics and the image processing algorithm.
Palacin, et al. conducted a comprehensive study of the viability of using an optical mouse for odometry using a 400 cpi LED mouse. 16 They found that when moving in a straight line along one axis of the mouse sensor, the measurement errors were approximately 1.3% of the distance when properly calibrated, whereas traveling at a 45°d iagonal led to 2% errors, and there was a random relationship between calibration and the angle at which the mouse traveled. Further, the calibration differed by a factor of 2.78 when traveling in an arc. Perhaps the most significant finding was that optical mice are unbiased sensors, so that combining 10 of them on a single robot -which for these sensors does not impose a significant cost burden -leads to a precision of 0.2 mm with no dependence on distance. 16 These findings were largely consistent with the difficulties encountered by previous researchers. 17, 18 Although our full-size mobile platform could likely accommodate as many as 10 optical mice, we pursued two approaches to reducing the number of mice needed for precise dead-reckoning. The first approach uses a laser optical mouse with higher resolution, while the second develops an error reduction algorithm using only 3 lowerquality optical mice.
Laser Optical Mouse
We first repeated some of Palacin, et al.'s testing with an LED mouse on a desk surface and found similar results for moving at an angle as shown in Fig. 4a . However, our results differed significantly for movement in an arc as Fig. 4b shows. Rather than a constant factor of 2.78 regardless of arc radius as reported by Palacin, we found the calibration was several percent larger than straight line at small radii, but achieved the straight line calibration at arc radii of 6in or more. This is a more intuitive result than that found by Palacin, et al. and we have no explanation for the discrepancy.
We then purchased a laser optical mouse with programmable resolution up to 2500 cpi to perform detailed sensor characterization. The same tests were repeated at a resolution of 800 cpi and the results are shown in Fig. 5 . Although there is greater variation in calibration as angle changes, the relationship appears well-defined for the laser mouse. The arc calibration displays a different relationship than the LED mouse, but it is still well behaved. Both linear and arc calibrations should be amenable to curve-fitting to provide highly accurate calibration if the motion of the mouse is approximately known -such as through wheel odometry. We anticipate that the large standard deviations of the measurements in the arc testing result from non-smooth motion as the mouse was moved manually in an arc over the floor. Further testing on a smooth surface is needed to verify this assumption. Another prospect for future testing is to test different surfaces as the manufacturer's documentation suggests laser mice are much less sensitive to surface type than LED mice.
Error Reduction Algorithm
Bonardini, et al presents a method to reduce both systematic and non-systematic errors from optical mouse odometry, but it is limited in scope to using two mice. 18 In our approach, we consider the fact that with 3 mice, we have twice as many measurements as we do degrees-of-freedom, and that just as with the encoder odometry we can estimate the position of each of the three mice individually, keeping in mind that their relative position is constrained. In fact, Eqs. 9-15 all hold when using mice rather than wheel encoders so we can use them to provide a position update based solely on the mice, or easily combine the two measurement sets in the same least squares framework.
To compute the measurements ( x i , y i ), which are in the inertial frame, we must rotate the x and y measurements read by each mouse by the angle the mouse makes with the inertial frame, as in Eq. 17. (17) where ( i , i ) are the x-y measurements of each mouse in the mouse reference frame, M i , and i is the angle between the M i and B frames. This is a slight approximation as the heading angle changes over the course of a reading, but as noted earlier, this is a small change and this approximation has negligible impact on the accuracy of the solution. Unlike the wheel odometry, however, we must account for the varying calibration when a mouse undergoes arc motion or diagonal motion. In the case of the LED mice, the relationship between angle and calibration factor is random, whereas there is a well-defined relationship between arc radius and calibration factor as shown above. On the laser mice, well-defined relationships exist for both moving at an angle and moving in an arc. Using the robot's commanded velocity or the state estimate from the wheel encoders, we can adaptively choose the most accurate calibration for the projected motion of each mouse. As with the encoder odometry, simulation results are provided at the end of this section which demonstrate the validity of this approach.
C. Simulation
Researchers at the University of Michigan have developed a method for characterizing errors in dead-reckoning hardware called the University of Michigan Benchmark (UMBmark) test that consists of the robot traversing a square both clockwise and counterclockwise five times and measuring the position estimate error at the end of each circuit. 13 The magnitude of the average position error for both clockwise (r cw ) and counterclockwise (r ccw ) is computed, and the maximum of these two values provides a measure of the accuracy of the odometry, represented by E max .
We simulated a robot based on the dimensions of our prototype with random parametric errors consistent with the measurement uncertainties of our un-calibrated prototype. All encoder readings were produced with quantization errors, and the LED-mice had random calibration errors of 1% (1-) with an update rate of 20 Hz. We simulated the UMBmark test on 100 different sets of parameters and computed the average value of E max over those runs for several different algorithms. First we implemented IPEC, considering only castors 2 and 3. Then we implemented our least squares solution using the same two castors, and then with all three castors. Next, we computed the mice odometry, and finally we combined all three castors and all three mice. Table 2 shows the results of the UMBmark test simulation, including the error as a percent of distance traveled, whereas Figs. 6 and 7 show a sample path with estimation results and the growth of error for each method, respectively. The large numbers shown in Table 2 and in the associated figures are a result of large parametric uncertaintiesup to 4% in some cases -but this has no effect on the comparison of one algorithm to another. The two-castor least squares provides nearly the same solution as IPEC, whereas the three-castor solution fairs only slightly better. The mice outperform the wheel odometry, and the combined wheel and mice odometry shows a factor of 3 improvement over IPEC.
IV. Hardware-based Implementation
In this section, we discuss a one-third scale prototype that was used to demonstrate design feasibility and for use in testing and development of data fusion techniques, control laws, and a dynamics model of the full-scale platform. The prototype allows us to evaluate the concept in hardware rather than simulation, but at a lower cost than the fullsize platform. It was desired that the configuration of the prototype be as similar as possible to the full-size design in order to accurately evaluate dynamics and control characteristics. Additionally, the same actuator and sensor configurations were desired in order to accurately implement and evaluate state estimation and control methods applicable to the full-size mobile base. The prototype presented here possesses all of the required sensors, but at lower precisions than the full-size mobile platform.
The prototype has optical encoders on the wheels and on the pivot points, so that data can be used in feedback control laws just like the full scale implementation. The wheel encoders can measure in increments of 0.3°, whereas the pivot encoders can measure in increments of 0.07°. The motors have a rated torque of 2.45 N-cm and a rated speed of 310 rpm. Three optical LED mice are mounted around the robot on a free-riding support to ensure they remain in contact with the floor, but are not yet operational. The battery capacity will allow for more than 1 hour of experimentation time per charge. These specs allow the prototype to imitate the full scale platform in both speeds/accelerations and runtime. Figure 8 shows a CAD representation of the one-third scale omni-directional prototype with active split offset castors, while Figs. 9 and 10 show actual pictures of the robot. The one-third scale hardware platform has been completed and can be controlled using either a joystick or predefined trajectories which it follows open-loop. We present here the results of the UMBmark test using the prototype to evaluate the wheel odometry position estimation algorithms discussed earlier. To complete this test, the data was taken for four runs in each direction along a 1.5 m square and then run through each of the algorithms. Figure 11 shows the final errors for each run for each algorithm, and Table 3 shows the average error, E max . We show the results for IPEC by using only two of the three castors at a time, in all three combinations. We also present the corresponding least squares solutions, since parametric errors lead to different results for different combinations of castors. As in the simulation, the two-castor least squares results very nearly match the IPEC results, and the three castor result provides the best solution. Additionally, these errors are large overall and have meaning only for comparisons of algorithms until suitable calibration methods have been developed and employed.
V. Conclusion
This paper presented a low-cost approach to multi-vehicle proximity operations emulation through the use of mobile robotic platforms. This approach allows for more than two vehicles to be simulated with complete untethered circumnavigation of all vehicles, with sensor or docking hardware in-the-loop. Development of a precise omni-directional mobile base was discussed with a focus on the active split offset castor drive and the unique sensor suite that will provide highly accurate dead-reckoning capability. Results of testing of both LED and laser optical mice was shown, and the laser mice data should be amenable to curve-fitting for improved calibration across the motion spectrum. Simulation results were shown, indicating that the least squares approach to pose estimation produced similar results to IPEC when using data from two castors, while improving that estimate by a factor of three when using all three castors and optical mice data. A prototype was presented along with results from early testing demonstrating the efficacy of these approaches. In particular, the two-castor least squares odometry approach resulted in errors~9%, as did the IPEC approach, whereas the three-castor approach achieved errors a factor of 2-3 lower. These numbers confirm those found in simulation. We expect the large magnitudes of these errors to drop significantly with appropriate calibration to reduce systematic errors.
VI. Future Work
The following steps have been identified as necessary for the continued development of a high fidelity mobile platform based motion emulator.
1. Development of calibration techniques for the three-ASOC vehicle. 2. Dynamic simulation, including inertial measurement update system, to determine overall system precision. 3. More comprehensive mouse testing and analysis of calibration results, including testing of the least squares algorithm presented here. 4. Development of fault detection algorithms based on multi-model estimators. The prototype will be used extensively to verify this future work prior to building the full-scale mobile base and integration with the Stewart platform.
